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Abstract
The e¡ects of thermal amplitudes of diel £uctuating
temperature on growth and oxygen consumption of
the juvenile sea cucumber Apostichopus japonicus
(Selenka) were studied at the average temperatures
of 15 and 18 1C with three diel di¡erent £uctuating
amplitudes of  2,  4 and  6 1C. The optimum
thermal amplitudes for growth of the juvenile sea
cucumber at the sizes of this experiment, at average
temperatures of 15 and 18 1C, were estimated to be
 1.38 and  1.67 1C respectively. In the constant
temperature regimes, the growth rate at 15 1C was
higher than that at 18 1C. However, the growth rate
at 18  2 1C was higher than that at 15  2 1C. The
results from this study suggested that £uctuating
temperatures enhanced the optimum temperature
for the growth of sea cucumbers compared with that
at constant temperatures.Therefore, accurate predic-
tions of the optimum temperature of sea cucumbers
in the natural environment, inwhichwater tempera-
tures £uctuate daily and seasonally, should be made
from data obtained at £uctuating temperatures.
Keywords: Apostichopus japonicus, growth, oxygen
consumption, temperature £uctuation, thermal
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Introduction
Aquatic animals often experience diel and seasonal
temperature £uctuations that a¡ect their growth
and other physiological processes. Opinions di¡er
concerning the e¡ects of temperature £uctuations
on growth. Many studies indicated that temperature
£uctuations enhanced the growth of some organ-
isms, such as zooplankton (Van As, Combrinck & Re-
inecke1980), shrimp (Miao & Tu1993,1996) and ¢sh
(Hokanson, Kleiner & Thorslund1977; Cox & Coutant
1981; Diana 1984; Konstantinov & Zdanovich 1986;
Konstantinov, Zdanovich & Kalashnikov 1989; Kon-
stantinov, Zdanovich & Tikhomirov 1990; Sierra,
Diaz & Espina 1999; Zdanovich 1999; Konstantinov,
Pushkar’ & Aver’yanova 2003). However, other stu-
dies argued that temperature £uctuations had no ef-
fect on the growth of some organisms, such as arctic
char (Salvelinus alpinus Linnaeus) (Lyytikinen & Jo-
bling1998), white river craw¢sh (Procambarus acutus
Girard) (Thorp & Wineriter 1981) and tahoe sucker
(Catostomus tahoensis Gill & Jordan) (Vondracek, Cech
& Buddington1989).
Apostichopus japonicus (Selenka) is a cultivable spe-
cies with good market value (Chen1990). The e¡ects
of water temperatures on growth of sea cucumbers
have beenwell studied. It is reported that A. japonicus
is sensitive to ambient water temperatures and it aes-
tivates whenwater temperatures exceed 20 1C (Yang,
Yuan, Zhou, Mao, Zhang & Liu 2005). In addition, the
thermal tolerance range of A. japonicus is between 0
and 30 1C, and the optimum temperature for growth
of juveniles is between 12 and 18 1C (Dong, Dong,
Tian, Zhang & Wang 2005). Apostichopus japonicus
lives in the intertidal zone and inevitably experiences
diel and seasonal temperature £uctuations in the nat-
ural environment. To the authors’ knowledge, how-
ever, previous studies have failed to consider the
e¡ects of £uctuating temperatures on the growth of
the sea cucumber despite sea cucumbers’special eco-
logical habits. Therefore, it is necessary to study the
e¡ect of temperature £uctuations on the growth of
the sea cucumber.
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This study was designed to compare the growth of
sea cucumbers at constant and £uctuating tempera-
tures, and to determine the e¡ects of amplitudes of
diel thermal £uctuations at di¡erent daily average
temperatures on the growth of sea cucumbers. This
study will help to elucidate the in£uence of £uctuat-
ing temperatures on the echinodermand its mechan-
ism, and to improve technologies for large-scale
culture of sea cucumbers.
Materials and methods
Collection and maintenance of animals
Juvenile sea cucumbers were collected at 15 1C from
the Penglai Aquaculture Farm, Yantai, China. They
were cultured in an aerated ¢breglass tank with sea-
water and acclimated at 15 1C, for at least 14 days.
Some of them were transferred into another tank to
be further acclimated to a constant temperature of
18 1C.
Seawater was ¢ltered using a sand ¢lter and the
salinity was 28^30 g L1. One-half or two-thirds of
the volume water was exchanged daily to maintain
high water quality. In addition, seawater was pre-
heated to prevent acute water temperature variation
in aquaria during water exchange. Juveniles were fed
ad libitum daily at 13:00 hours using a laboratory-
made formulated feed (22.9  0.2% crude protein,
2.1  0.0% fat, 34.7  0.6% ash and 9.0  0.0%
moisture, 10.6  0.0 kJg1 energy), which mainly
contained powders of Sargassum spp., ¢sh meal, sea
mud, wheat, vitamin andmineral premixes. Aeration
was provided continuously and the photoperiod was
2 h light:22 h dark.
Experimental facilities and water
temperature control system
Water temperatures in the experimental aquaria
were regulated using a self-designed temperature
control system, which was composed of a pro-
grammed temperature controller, heater, refrigera-
tor, recirculation pump and cold water reservoir. The
temperature of experimental aquaria could be set by
pumping cold water and heating water alternately
under the control of programmed temperature con-
trollers. The £uctuating temperature regimes were
programmed to follow a curve with di¡erent ampli-
tudes about the daily mean temperatures. First, the
minimum temperature (t^Dt 1C) was set at 06:00
hours, and increased gradually to the maximum one
(t1Dt 1C) at 13:00 hours. Second, water temperature
was mantained at the maximum value from13:00 to
18:00 hours.Third, it decreased to theminimum tem-
perature at 01:00 hours the next day. Finally, it was




Juveniles were kept in glass aquaria (450 
250  350mm). Two experiments were carried out
using di¡erent thermal regimes. In experiment A,80
randomly selected juveniles, with a meanwet weight
of 2.81g, were allocated 20 experimental glass aqua-
ria for corresponding temperature treatments at 18,
18  2,18  4 and18  6 1C.Therewere four indivi-
duals in each tank. Experiment A was carried out
from15 February 2005 to 23 March 2005. In experi-
ment B,80 randomly selected juveniles, with a mean
wet weight of 2.51g, were allocated into 20 experi-
mental glass aquaria for corresponding temperature
treatments at15,15  2,15  4 and15  6 1C.There
were also four individuals in each tank. Experiment
B was carried out from 24 March 2005 to 4 May
2005. There were ¢ve replicates for each thermal
treatment in all experiments.
The initial individual wet weight measurements
were taken within 1min of removal from seawater,
and external water was removed from specimens by
drying them on sterile gauze after 24-h starvation
(Battaglene, Seymour & Ramofa¢a 1999). All juve-
Figure 1 Diagram of the diel temperature £uctuating
mode. The photoperiod regime is depicted by the horizon-
tal white (light period) and black (dark period) bars. The
arrowA represents the feeding time.
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niles wereweighted after being starved for 24 hat the
end of the experiments.
Speci¢c growth rate (SGR) was calculated as fol-
lows:
SGRð%days1Þ ¼ 100ðln W2  ln W1Þ=T
whereW1andW2 are the initial and ¢nal bodyweight
(g) of juveniles, respectivelyandT is the duration time
of the experiment (days).
Water temperature £uctuation
and oxygen consumption
We measured the oxygen consumption rates under
six £uctuating temperature regimes (15  2,15  4,
15  6, 18  2, 18  4 and 18  6 1C) and two con-
stant temperature regimes (15 and 18 1C). The wet
weight of juveniles ranged from 2.00 to 2.51g to
minimize the e¡ects of body weights on oxygen con-
sumption. Juveniles were maintained at the pre-ar-
ranged temperatures for 14 days to ensure thermal
adaptation. Before the determination of oxygen con-
sumption, juveniles were starved for 24 h to reduce
associated metabolic responses. There were six repli-
cates and two blank controls to correct for the re-
spiration of bacteria in water in each treatment.
During the measurement procedure, one sea cucum-
ber was placed in a 2.5 L conical £ask.When juveniles
became quiescent, the £asks were sealed using a bar-
rier ¢lm (Alcan Packaging, Chicago, IL, USA) and
stoppers. The oxygen consumption rate was deter-
mined over 24 h. The oxygen content of water was
determined using theWinkler method (Strickland &
Parsons1968).
Oxygen consumption rate (R) of the sea cucumber
was calculated from the following equation (Omori &
Ikeda1984):
RðmgO2 h1 g1Þ ¼ ðDtVt  D0V0Þ=WT
where
Dt is the changes of in oxygen content (mgO2 L
1)
before and after the test in the test bottles;
D0 the changes of in oxygen content (mgO2 L
1)
before and after the test in the blank bottles;
Vt the volumes of the test bottles (L);
V0 the volumes of the blank bottles (L);
W the wet weight of the sea cucumber (g); and
T the time duration (h).
Data analysis
The data were analysed by SPSS for window11.0 sta-
tistical package (SPSS, Richmond, CA, USA). Inter-
treatment di¡erences for SGR and oxygen consump-
tion rate were analysed with one-wayANOVA, followed
by the post hoc Duncan multiple-range test. The dif-
ferences were considered to be signi¢cant if Po0.05.
Results
E¡ect of £uctuating water temperatures
on growth
Thermal amplitudes £uctuating at an average
temperature of15 1C
After the 40-day trial, the survival rates in all treat-
ments were 100%. Growth at di¡erent temperature
regimes was signi¢cantly di¡erent (Po0.05). The ¢-
nal weight at15  2 1C was higher than that at15 1C
(Po0.05), while no signi¢cant di¡erences were found
between ¢nal weights at 15  4, 15  6 and 15 1C
(Table1).
The e¡ect of thermal amplitudes on SGR of juve-
niles was signi¢cant (F3, 19 510.190, P50.001). SGR










body weight (g) SGRw (%day1) N
C15 15 0 2.33  0.10a 4.50  0.16a 1.613  0.06a 5
F15.2 15 2 2.56  0.23a 5.63  0.25b 1.98  0.11b 5
F15.4 15 4 2.66  0.10a 4.93  0.25ab 1.51  0.12ac 5
F15.6 15 6 2.45  0.17a 4.35  0.28a 1.31  0.05c 5
Values (mean  SE of ¢ve replications) in the same column not sharing a common superscript letter are signi¢cantly di¡erent
(Po0.05).
wSpeci¢c growth rate (SGR)5100  [ln (¢nal body weight) ln (initial body weight)]/day.
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of juveniles at 15  2 1C was signi¢cantly higher
than those at 15,15  4 and15  6 1C, while SGR at
15  6 1C was signi¢cantly lower than that at 15 1C.
The growth rate of juveniles was a cubic equation of
the thermal amplitude at the same average tempera-
ture (Fig. 2):
G ¼ 1:613þ 0:583 ðTAÞ  0:246 ðTAÞ2
þ 0:023 ðTAÞ3
ðR2 ¼ 0:6564; P ¼ 0:000Þ
where G represents the SGR (% day1) on a 40-day
basis, andTA is the thermal amplitude (  1C).
The optimum thermal amplitude for the growth of
sea cucumbers at the sizes in this experiment at a
mean temperature of 15 1C was estimated to be
 1.38 1C.
Thermal amplitudes £uctuating at an average
temperature of18 1C
After the 35-day trial, the survival rates in18,18  2,
18  4 and18  6 1Cwere 95%,100%,85% and 85%
respectively. The e¡ect of thermal amplitudes on the
¢nalweight of juveniles was signi¢cant (F3,19 57.152,
P50.003). The ¢nal weight of juveniles at 18  2 1C
was higher than that at 18 1C, while no signi¢cant
di¡erences were found between 18  4, 18  6 and
18 1C (Table 2).
The e¡ect of thermal amplitudes on SGR of juve-
niles was also signi¢cant (F3, 19 54.773, P50.015).
SGRof juveniles at18  2 1Cwas signi¢cantlyhigher
than those at 18, 18  4 and 18  6 1C. The growth
rate of juveniles was a cubic equation of the thermal
amplitude at the same average temperature (Fig.3):
G ¼ 1:506þ 1:368 ðTAÞ  0:589 ðTAÞ2
þ 0:059 ðTAÞ3
ðR2 ¼ 1:000; P ¼ 0:000Þ
where G represents the SGR (%day1) on a 35-day
basis, and TA is the thermal amplitude (  1C). The
optimum thermal amplitude for the growth of sea cu-
cumbers at the sizes in of this experiment at a mean
temperature of18 1C was estimated to be  1.67 1C.










bodyweight (g) SGRw (%day1) N
C18 18 0 2.83  0.09a 4.82  0.27a 1.51  0.12a 5
F18.2 18 2 2.75  0.27a 6.19  0.27b 2.35  0.29b 5
F18.4 18 4 2.83  0.09a 4.55  0.40a 1.32  0.27a 5
F18.6 18 6 2.83  0.10a 3.80  0.50a 1.22  0.24a 5
Values (mean  SE of ¢ve replications) in the same column not sharing a common superscript letter are signi¢cantly di¡erent
(Po0.05).























Amplitude of temperature fluctuation (± °C)
Figure 2 Speci¢c growth rate of the juvenile Aposticho-
pus japonicus at di¡erent thermal regimes £uctuating at

























Amplitude of temperature fluctuation (± °C)
Figure 3 Speci¢c growth rate of the juvenile Aposticho-
pus japonicus at di¡erent thermal regimes £uctuating at
an average temperature of18 1C.
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E¡ect of £uctuating temperatures on oxygen
consumption
Oxygen consumption rates decreased at 15  2,
15  4 and15  6 1C compared with the rate of ani-
mals subjected to 15 1C. The oxygen consumption
rate at15  6 1C was signi¢cantly lower than that at
15 1C (Fig.4).
Oxygen consumption rates at 18  2 and
18  4 1C were signi¢cantly lower than that at18 1C,
while the oxygen consumption rate at18  6 1C was
signi¢cantly higher than those at 18  2 and
18  4 1C. No signi¢cant di¡erences were found
between oxygen consumption rates at 18  6 and
18 1C (Fig.5).
Discussion
Water temperature is one of the most important eco-
logical factors that a¡ects growth and other physio-
logical processes of aquatic ecotherms. Studies on the
in£uence of temperatures on the growth of aquatic
animals have been conducted usually under con-
stant temperature regimes. However, aquatic ani-
mals usually live under £uctuating temperatures in
the natural environment, owing to daily and seaso-
nal temperature changes. Some investigators re-
ported that the £uctuating temperature was a type
of stress for aquatic ecotherms (Thorp & Wineriter
1981; Lyytikaeinen & Jobling 1998; Meeuwig, Dun-
ham, Hayes & Vinyard 2004). Others reported that
£uctuating temperatures accelerated the growth of
Daphnia pulex (De Geer) (Van As et al.1980), ¢sh (Brett
1971; Diana 1984; Konstantinov & Zdanovich 1986;
Konstantinov et al.1990; Sierra et al.1999; Zdanovich
1999) and shrimp (Miao & Tu1993,1996). In our ex-
periment, SGR at 15  2 and 18  2 1C were higher
than those at correspondingmeanconstant tempera-
tures of 15 1C and18 1C respectively (Tables 1 and 2).
This indicated that sea cucumbers were sensitive to
variation in ambient water temperatures, and that
£uctuating temperatures accelerated the growth of
the sea cucumber within the ecological tolerance
range.
Fluctuating temperatures change the optimum
temperature for the growth of the sea cucumber.
Apostichopus japonicus is a type of eurythermic spe-
cies, and its ecological tolerance range is about 0^
30 1C. In addition, sea cucumbers cease growing at
24^30 1C and they aestivate at high temperatures
(Yang et al. 2005). In our previous study, we found
that juveniles grew fast at12^18 1C and the optimum
temperature for growthwas15.5 1C (Dong et al.2005).
In this experiment, SGR at 15, 18, 15  2 and
18  2 1C were 1.61  0.06, 1.51  0.12, 1.98  0.12
and 2.35  0.29% day1 respectively. The growth
rate was higher at 15 1C than that at 18 1C. However,



































Figure 4 Oxygen consumption rates of the juvenile
Apostichopus japonicus at di¡erent thermal regimes £uctu-
ating at an average temperature of 15 1C. C15, sea cucum-
ber grew at a constant temperature of 15 1C, F15.2, F15.4
and F15.6, sea cucumber grewat £uctuating temperatures
around 15 1C with £uctuation amplitudes of  2,  4
and  6 1C respectively. Means with di¡erent letters in
the same average temperatures are signi¢cantly di¡erent

































Figure 5 Oxygen consumption rates of the juvenile
Apostichopus japonicus at di¡erent thermal regimes £uctu-
ating at the average temperature of18 1C. C18, sea cucum-
ber grew at constant temperature 18 1C; F18.2, F18.4 and
F18.6, sea cucumber grew at £uctuating temperatures
around 18 1C with £uctuation amplitudes of  2,  4
and  6 1C respectively. Means with di¡erent letters in
the same average temperatures are signi¢cantly di¡erent
(Po0.05). Error bars represent1SE.
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at15  2 1C. This result suggests that the £uctuating
temperatures enhance the optimum temperature for
the growth of sea cucumbers compared with that at
constant temperatures. Therefore, accurate predic-
tions of the optimum temperature of sea cucumbers
in the natural environment, in which temperatures
£uctuate daily and seasonally, should be made from
data obtained at £uctuating temperatures.
The results from this study showed that the ther-
mal amplitudes on a daily basis a¡ected the growth
of juvenile sea cucumbers di¡erently. Juveniles at
15  2 and 18  2 1C exhibited faster growth than
those at 15 and18 1C respectively. However, a higher
amplitude of  4 1C showed no positive in£uences
on growth at mean temperatures of both 15 and
18 1C. The growth rate at15  6 1C was signi¢cantly
lower than that at 15 1C. The general conclusion
drawn from these data is that £uctuating tempera-
tures produced higher or lower growth depending
on thermal amplitudes. This conclusion is in agree-
ment with previous studies (Konstantinov et al.
1990; Meeuwig et al. 2004; Tian & Dong 2006). The
optimum thermal amplitudes were  1.38 and
 1.67 1C, £uctuating around average temperatures
of15 and18 1C respectively. This result indicated that
the optimum thermal amplitude for the sea cucum-
ber was smaller than that of the eurythermic
¢sh (Gui, Wang & Chen 1989; Konstantinov et al.
1989; Sierra et al. 1999; Baras, Pringnon, Gohoungo
& Melard 2000), although the sea cucumber is also a
eurythermic animal.
Themechanismbywhich the £uctuating tempera-
tures enhance the growth of animals is still unclear.
McLaren (1963) hypothesized that an animal migrat-
ing vertically received an energy bonus. Brett (1971)
suggested that vertically migrating ¢sh that were fed
at low rations had higher growth rates than that of
¢sh remaining at a constant temperature because of
high feeding rates at high temperatures and high
conversion e⁄ciencies at lower temperatures. The
¢sh maintained under £uctuating temperatures allo-
cated more energy for growth and reproduction, and
less energy in respiration than the ¢sh under con-
stant temperatures (Biette & Green1980; Cox & Cou-
tant 1981; Konstantinov et al. 1990; Pilditch & Grant
1999;Tian, Dong,Wang & Wu 2004). Diel £uctuating
temperature regimes signi¢cantly depressed oxygen
consumptions of mud crab Panopeus herbstii (Milne-
Edwards) and ¢ddler crab Uca pugilator (Bosc) (Dame
& Vernberg1978). And metabolism modulation could
be induced by temperature £uctuations. After this
modulation, energetics became more economical,
andmore of the assimilated foodwas used for growth
(Konstantinov et al.1990; Pilditch & Grant1999). The
data from this study showed that oxygen consump-
tion rates at most £uctuating temperature regimes
decreased compared with those at corresponding
constant temperature regimes. The decrease in en-
ergy in respiration may partly account for the en-
hancement in the growth of sea cucumbers under
£uctuating temperatures.
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